M a t e r n a l i n h e r i t a n c e is t h e n o n -M e n d e l i a n t r a n s m i s s i o n of t r a i t s , f r o m m o t h e r s t o their offspring. D e s p i t e its p r e s e n c e in virtually all o r g a n i s m s , a c t i n g t h r o u g h a variety of m e c h a n i s m s , t h e e v o l u t i o n a r y c o n s e q u e n c e s of m a t e r n a l i n h e r i t a n c e a r e n o t well u n d e r s t o o d . H e r e w e review a n d e x t e n d a m o d e l o f t h e i n h e r i t a n c e a n d e v o l u t i o n o f m u l t i p l e q u a n t i t a t i v e c h a r a c t e r s with c o m p l e x p a t h w a y s o f m a t e r n a l effects.
Summary
M a t e r n a l i n h e r i t a n c e is t h e n o n -M e n d e l i a n t r a n s m i s s i o n of t r a i t s , f r o m m o t h e r s t o their offspring. D e s p i t e its p r e s e n c e in virtually all o r g a n i s m s , a c t i n g t h r o u g h a variety of m e c h a n i s m s , t h e e v o l u t i o n a r y c o n s e q u e n c e s of m a t e r n a l i n h e r i t a n c e a r e n o t well u n d e r s t o o d . H e r e w e review a n d e x t e n d a m o d e l o f t h e i n h e r i t a n c e a n d e v o l u t i o n o f m u l t i p l e q u a n t i
t a t i v e c h a r a c t e r s with c o m p l e x p a t h w a y s o f m a t e r n a l effects. E x t e n s i o n s of t h e earlier m o d e l i n c l u d e c o m m o n family e n v i r o n m e n t a l effects n o t a s s o c i a t e d w i t h m a t e r n a l p h e n o t y p e , sexual d i m o r p h i s m , a n d p a t e r n a l effects ( n o n -M e n d e l i a n influence o f t h e f a t h e r o n offspring traits). W e find t h a t , in c o n t r a s t t o simple M e n d e l i a n i n h e r i t a n c e , m a t e r n a l i n h e r i t a n c e p r o d u c e s q u a l i t a t i v e l y different e v o l u t i o n a r y d y n a m i c s for t w o r e a s o n s : (1) the r e s p o n s e t o selection o n a set of c h a r a c t e r s d e p e n d s n o t o n l y o n t h e i r a d d i t i v e genetic
v a r i a n c e s a n d c o v a r i a n c e s , b u t also o n m a t e r n a l c h a r a c t e r s t h a t influence t h e m , a n d (2) t i m e lags in t h e r e s p o n s e t o selection c r e a t e a f o r m o f e v o l u t i o n a r y m o m e n t u m . T h e s e r e s u l t s h a v e i m p o r t a n t i m p l i c a t i o n s for e v o l u t i o n in n a t u r a l p o p u l a t i o n s a n d practical a p p l i c a t i o n s in t h e e c o n o m i c i m p r o v e m e n t o f d o m e s t i c a t e d species. W e derive selection indices t h a t m a x i m i z e e i t h e r t h e e c o n o m i c i m p r o v e m e n t in a single g e n e r a t i o n o f artificial selection o r t h e a s y m p t o t i c r a t e of i m p r o v e m e n t in l o n g -t e r m selection p r o g r a m m e s , b a s e d o n i n d i v i d u a l m e r i t o r a c o m b i n a t i o n o f i n d i v i d u a l a n d family m e r i t . N u m e r i c a l e x a m p l e s s h o w t h a t a c c o u n t i n g for m a t e r n a l i n h e r i t a n c e c a n lead t o c o n s i d e r a b l e i n c r e a s e s in t h e efficiency of artificial selection.
Introduction
M a t e r n a l i n h e r i t a n c e is t h e n o n -M e n d e l i a n t r a n s -
m i s s i o n o f p h e n o t y p i c t r a i t s from m o t h e r s t o their offspring. T h i s c a n o c c u r t h r o u g h a v a r i e t y o f m e c h a n i s m s : c y t o p l a s m i c h e r e d i t y (e.g. m i t o c h o n d r i a l a n d c h l o r o p l a s t D N A a n d m a t e r n a l R N A t r a n s c r i p t s p a c k a g e d in eggs) o r p h y s i o l o g y a n d d e v e l o p m e n t (e.g. b o d y size o f t h e m o t h e r o r egg o r seed size affecting t h e b o d y size of t h e offspring)
. M a t e r n a l effects a r e u s u a l l y s t r o n g e s t early in life a n d a r e d i l u t e d d u r i n g d e v e l o p m e n t as a n i n d i v i d u a l ' s o w n genes a r e e x p r e s s e d ( R u t l e d g e et al. 1 9 7 2 ; C h e v e r u d et al. 1 9 8 3 ; S c h a a l , 1984). H o w e v e r , s o m e m a t e r n a l effects c a n persist i n t o a d u l t h o o d , as for litter size in m i c e a n d pigs ( F a l c o n e r , 1 9 6 5 ; V a n d e r S t e e n , 1985) a n d a g e a t m a t u r i t y in s p r i n g t a i l s ( J a n s s e n et al. 1988).
* Corresponding author.
D e s p i t e t h e w i d e s p r e a d influence o f m a t e r n a l effects in m i c r o o r g a n i s m s ( G r u n , 1976), p l a n t s ( R o a c h & Wulff, 1987) a n d a n i m a l s ( B o y c o t t etal. 1 9 3 0 ; Cundiff, 1 9 7 2 ; B o n d a r i et al. 1 9 7 8 ; R e s n i c k , 1 9 8 1 ; Price & G r a n t , 1985), their e v o l u t i o n a r y c o n s e q u e n c e s a r e p o o r l y u n d e r s t o o d .
In this p a p e r w e review a n d e x t e n d a m o d e l ( K i r k p a t r i c k & L a n d e , 1989) o f t h e i n h e r i t a n c e a n d e v o l u t i o n o f m u l t i p l e c h a r a c t e r s w i t h c o m p l e x p a t hw a y s o f m a t e r n a l i n h e r i t a n c e . T h e e x t e n s i o n s i n c l u d e c o m m o n family e n v i r o n m e n t a l effects n o t a s s o c i a t e d w i t h m a t e r n a l p h e n o t y p e , sexual d i m o r p h i s m o r sexl i m i t a t i o n o f s o m e c h a r a c t e r s , a n d p a t e r n a l effects ( n o n -M e n d e l i a n influence o f the f a t h e r o n offspring traits). W e a l s o d e r i v e selection indices t h a t m a x i m i z e 
. M o d e l s o f maternal inheritance and selection response (i) Basic models
D i c k e r s o n ( 1 9 4 7 ) a n d W i l l h a m (1963) d e s c r i b e d a m o d e l o f m a t e r n a l i n h e r i t a n c e in w h i c h a single m a t e r n a l t r a i t , i n h e r i t e d in a p u r e l y M e n d e l i a n f a s h i o n , p r o d u c e s a n o n -M e n d e l i a n effect o n a s e p a r a t e t r a i t in t h e o f f s p r i n g . T h i s m o d e l h a s b e e n u s e d in t h e a n i m a l b r e e d i n g l i t e r a t u r e t o d e s c r i b e g e n e r a l i z e d m a t e r n a l i n f l u e n c e s o n offspring c h a r a ct e r s s u c h a s j u v e n i l e g r o w t h r a t e (Cundiff, 1972) . c h a r a c t e r w i t h a p a r t l y M e n d e l i a n b a s i s e x e r t s a m a t e r n a l effect o n itself in t h e n e x t g e n e r a t i o n , a n d
u s e d t h i s t o a n a l y z e r e s u l t s o f b r e e d i n g a n d selection a s i n g l e m a t e r n a l t r a i t h a s a n o n -M e n d e l i a n influence o n b o t h itself (in t h e n e x t g e n e r a t i o n ) a n d o n a s e p a r a t e o f f s p r i n g t r a i t . A l t h o u g h t h e f o r m o f r e s p o n s e t o a c o n s t a n t i n t e n s i t y o f s e l e c t i o n is k n o w n for t h e H a n r a h a n , 1 9 7 6 ; V a n V l e c k et al. 1977) a n d for F a l c o n e r ' s m o d e l ( V a n d e r S t e e n , 1985), a t h e o r y o f s e l e c t i o n r e s p o n s e in m u l t i p l e c h a r a c t e r s w i t h c o m p l e x m a t e r n a l i n h e r i t a n c e h a s o n l y r e c e n t l y b e e n d e r i v e d b y K i r k p a t r i c k & L a n d e ( 1 9 8 9 ) .
W e g e n e r a l i z e d p r e v i o u s m o d e l s t o d e s c r i b e t h e j o i n t M e n d e l i a n a n d m a t e r n a l i n h e r i t a n c e o f a set o f k q u a n t i t a t i v e t r a i t s . T h e p h e n o t y p i c v a l u e o f t h e ; t h t r a i t in a n e w b o r n i n d i v i d u a l in g e n e r a t i o n t +1 is z,.(7+ 1) = a t (t+ 1 ) + <?,(*+ l ) + c ( ( r + 1 ) + S M y z * ( 7 ) ,
w h e r e a t is t h e a d d i t i v e g e n e t i c c o m p o n e n t o f t h e t r a i t , e t is t h e c o m p o n e n t a t t r i b u t a b l e to i n d i v i d u a l e nv i r o n m e n t effects a n d g e n e t i c d o m i n a n c e , a n d c, is t h e effect o f c o m m o n f a m i l y e n v i r o n m e n t n o t i n c l u d i n g m a t e r n a l i n f l u e n c e s . F o l l o w i n g s t a n d a r d q u a n t i t a t i v e g e n e t i c t h e o r y ( F a l c o n e r , 1 9 8 1 ; B u l m e r , 1985), w e a s s u m e t h a t t h e c o l u m n v e c t o r s a, e a n d c a r e s t a t i s t i c a l l y i n d e p e n d e n t o f e a c h o t h e r a n d a r e m u l t i v a r i a t e -n o r m a l l y d i s t r i b u t e d w i t h c o v a r i a n c e m a t r i c e s G , E a n d E c r e s p e c t i v e l y ; the m e a n v a l u e s o f t h e e n v i r o n m e n t a l c o m p o n e n t s a r e z e r o , e = 0 a n d c = 0 ; t h e p o p u l a t i o n m a t e s a t r a n d o m a n d e p i s t a s i s is a b s e n t . W e a l s o a s s u m e for s i m p l i c i t y in t h i s section t h a t t h e p o p u l a t i o n is s e x u a l l y m o n o m o r p h i c a n d t h a t s e l e c t i o n a c t s in t h e s a m e w a y o n m a l e s a n d females. T h e s u m m a t i o n in (1) r e p r e s e n t s the c o m p o n e n t o f t h e t r a i t a t t r i b u t a b l e t o m a t e r n a l i n h e r i t a n c e : M tj is t h e m a t e r n a l effect coefficient o f trait j in t h e m o t h e r o n t r a i t i in h e r o f f s p r i n g , a n d z*(t) is t h e p h e n o t y p e for trait j o f t h e m o t h e r ( t h a t is, a female w h o r e p r o d u c e d in g e n e r a t i o n t). M tj is defined a s t h e regression of t h e p h e n o t y p i c v a l u e o f t r a i t / in offspring o n the p h e n o t y p i c v a l u e o f trait j in t h e i r m o t h e r s , h o l d i n g t h e genetic c o m p o n e n t o f t r a i t / a n d t h e p h e n o t y p i c v a l u e s of all o t h e r t r a i t s c o n s t a n t . T h i s coefficient m e a s u r e s t h e s t r e n g t h a n d sign (since M (j c a n be n e g a t i v e ) o f effects t h a t m o t h e r s h a v e o n t h e i r offspring t h r o u g h c y t o p l a s m i c , p h y s i o l o g i c a l , develo p m e n t a l , o r o t h e r p a t h w a y s of m a t e r n a l i n h e r i t a n c e .
A n y n e t w o r k o f such p a t h w a y s b e t w e e n t h e t r a i t s c a n b e d e s c r i b e d u s i n g a p p r o p r i a t e v a l u e s for t h e M^s. 
n t m o d e l if E c is a d d e d t o E in v a r i o u s e x p r e s s i o n s for t h e p h e n o t y p i c c o v a r i a n c e m a t r i x P in
t h e f o r m e r p a p e r . A s i d e f r o m this c h a n g e , all of t h e i r f o r m u l a e , i n c l u d i n g o f f s p r i n g -p a r e n t p h e n o t y p i c c ov a r i a n c e s a n d r e g r e s s i o n s , r e m a i n u n c h a n g e d .
( O f c o u r s e t h e c o m m o n family e n v i r o n m e n t a l effect c , ( f + l ) c o n t r i b u t e s t o t h e r e s e m b l a n c e b e t w e e n full siblings.)
By t a k i n g e x p e c t a t i o n s , we c a n d e d u c e f r o m e q u a t i o n (1) t h a t the e v o l u t i o n a r y c h a n g e c a u s e d b y selection in t h e v e c t o r o f t r a i t m e a n s b e t w e e n g e n e r a t i o n s t a n d t + 1 is
w h e r e C " = C o v [a(7), z ( 0 T ] * G ( I -| M T ) -\ a n d t h e s u p e r s c r i p t T d e n o t e s m a t r i x t r a n s p o s i t i o n ( K i r kp a t r i c k & L a n d e , 1989). P is t h e p h e n o t y p i c c o v a r i a n c e m a t r i x , M is t h e m a t r i x o f m a t e r n a l effect coefficients, a n d I is t h e i d e n t i t y m a t r i x ; these a r e s q u a r e m a t r i c e s o f d i m e n s i o n k. T h e selection g r a d i e n t v e c t o r P(/) = P _ 1 s ( / ) is defined in t e r m s o f t h e v e c t o r o f selection differentials in g e n e r a t i o n t, s(t), t h e differe n c e in m e a n p h e n o t y p e b e t w e e n selected a n d u nselected i n d i v i d u a l s . T h e e l e m e n t s o f t h e selection g r a d i e n t i n d i c a t e the s t r e n g t h a n d d i r e c t i o n o f selection a c t i n g d i r e c t l y o n e a c h trait, a n d a r e e q u i v a l e n t t o p a r t i a l r e g r e s s i o n coefficients o f relative fitness o n t h e p h e n o t y p i c v a l u e o f e a c h trait ( L a n d e & A r n o l d , 1983). In t h e special c a s e t h a t all t h e M t1 s a r e z e r o , C E = G a n d (2) b e c o m e s t h e s t a n d a r d e q u a t i o n for t h e e v o l u t i o n o f q u a n t i t a t i v e t r a i t s u n d e r p u r e M e n d e l i a n i n h e r i t a n c e , Az(t) = G$(t) ( L a n d e , 1979).
T h e t h r e e t e r m s o n t h e right side o f e q u a t i o n (2) h a v e the f o l l o w i n g i n t e r p r e t a t i o n . T h e first t e r m is t h e r e s p o n s e t o c u r r e n t selection p r e s s u r e s , b a s e d o n p a r e n t -o f f s p r i n g r e s e m b l a n c e , since C a z + M P is t h e c o v a r i a n c e b e t w e e n m i d p a r e n t s a n d offspring ( K i r kp a t r i c k & L a n d e , 1989). T h e s e c o n d t e r m r e p r e s e n t s t h e d e l a y e d effect of e v o l u t i o n in m a t e r n a l t r a i t s o n t h e c h a n g e t h e y p r o d u c e in offspring t r a i t s ; t h a t is, a n e v o l u t i o n a r y r e s p o n s e in m a t e r n a l t r a i t s p r o d u c e s a r e s p o n s e in offspring t r a i t s in the n e x t g e n e r a t i o n , T . Other parameters in equation (2) calculated as in Kirkpatrick & Lande (1989) . even in t h e a b s e n c e of selection o n m a t e r n a l o r offspring t r a i t s in e i t h e r g e n e r a t i o n . T h e last t e r m in (2) r e p r e s e n t s t h e d e l a y e d effect o f selection o n m a t e r n a l c h a r a c t e r s o n t h e r e s p o n s e of t h e offspring c h a r a c t e r s in t h e n e x t g e n e r a t i o n .
T w o i m p o r t a n t c o n c l u s i o n s follow f r o m e q u a t i o n (2). T h e first is t h a t t h e e v o l u t i o n o f a set o f genetically c o r r e l a t e d t r a i t s d e p e n d s n o t o n l y o n a d d i t i v e g e n e t i c
v a r i a n c e s a n d c o v a r i a n c e s o f t h o s e t r a i t s , b u t a l s o i n v o l v e s t h e i n h e r i t a n c e a n d m a t e r n a l effect c oefficients of all t r a i t s e x e r t i n g m a t e r n a l effects o n t h e t r a i t s of interest. T h i s c o n t r a s t s w i t h t h e c a s e o f p u r e l y M e n d e l i a n i n h e r i t a n c e , for w h i c h h e r e d i t a r y inform a t i o n a n d selective forces o n t h e c h a r a c t e r s o f interest a r e sufficient t o p r e d i c t t h e r e s p o n s e t o selection (see F i g . 1).
T h e s e c o n d c o n c l u s i o n f r o m e q u a t i o n (2) is t h a t t h e
e v o l u t i o n of t h e trait m e a n s d e p e n d s n o t o n l y o n t h e c u r r e n t force of selection, P(/), b u t a l s o o n t h e force of selection in t h e p r e v i o u s g e n e r a t i o n , P(/ -1), a n d t h e e v o l u t i o n a r y c h a n g e in t h e p r e v i o u s g e n e r a t i o n , Az(f-1). T h i s a l s o c o n t r a s t s w i t h p u r e l y M e n d e l i a n i n h e r i t a n c e , w h e r e t h e e v o l u t i o n a r y r e s p o n s e t o s e l e c t i o n d e p e n d s o n l y o n p ( / ) . M a t e r n a l i n h e r i t a n c e t h e r e f o r e g e n e r a t e s time lags in t h e r e s p o n s e t o selection, p r o d u c i n g a f o r m o f e v o l u t i o n a r y m om e n t u m ( K i r k p a t r i c k & L a n d e , 1989).
In a n artificial selection p r o g r a m m e w h e r e g e ne r a t i o n t is t h e last g e n e r a t i o n o f s e l e c t i o n , s o t h a t $(t + r) = 0 for T ^ 1, the e v o l u t i o n a r y r e s p o n s e in t h e next g e n e r a t i o n will b e A z ( / + l ) = M { A z ( 0 -P P ( / ) } , a n d t h e r e a f t e r t h e r e s p o n s e will b e A Z ( ; + T) = M ' -' A z C + l ) . T h u s e v e n after selection h a s c e a s e d e v o l u t i o n will c o n t i n u e for as m a n y g e n e r a t i o n s a s t h e r e a r e s t e p s in u n c l o s e d p a t h w a y s o f m a t e r n a l effects, o r i n d e f i n i t e l y if t h e r e a r e c l o s e d p a t h w a y s o r cycles o f m a t e r n a l effects. F o r e x a m p l e , in D i c k e r s o n ' s ( 1 9 4 7 ) a n d W i l l h a m ' s ( 1 9 6 3 ) m o d e l of a m a t e r n a l t r a i t affecting a d i s t i n c t offspring t r a i t , t h e r e is a single u n c l o s e d p a t h w a y o f m a t e r n a l effect o f l e n g t h o n e ; a f t e r
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https://doi.org/10.1017/S0016672300025520 s e l e c t i o n h a s c e a s e d , e v o l u t i o n o f t h e offspring t r a i t will o c c u r in t h e n e x t g e n e r a t i o n a n d t h e r e will b e n o f u r t h e r e v o l u t i o n . ( T h e c o m p l e t e d y n a m i c s o f r e s p o n s e t o s e l e c t i o n in W i l l h a m ' s m o d e l given in e q u a t i o n (10) o f K i r k p a t r i c k & L a n d e ( 1 9 8 9 ) a r e i n c o r r e c t , a l t h o u g h t h e i r m o r e g e n e r a l f o r m u l a A 2 6 is v a l i d .
size ( t r a i t 1) a n d t w o a s p e c t s o f m a t e r n a l p e r f o r m a n c e s u c h a s l a c t a t i o n a n d g e s t a t i o n ( t r a i t s 2 a n d 3). S e l e c t i o n a c t s o n l y o n t r a i t 1, a n d t h e c h a r a c t e r s a r e g e n e t i c a l l y u n c o r r e l a t e d . W e a s s u m e f o r s i m p l i c i t y t h a t t h e p o p u l a t i o n p a r am e t e r s ( M , C M a n d P ) a n d t h e force o f d i r e c t i o n a l s e l e c t i o n (P) r e m a i n c o n s t a n t , a l t h o u g h c h a n g e s in t h e s e p a r a m e t e r s c a n b e a c c o m m o d a t e d b y t h e m o d e l . T w o c o n s e q u e n c e s o f t h e t i m e l a g s a r e e v i d e n t . F i r s t , t h e r a t e o f e v o l u t i o n o f t h e t r a i t s is different in t h e s e c o n d a n d s u b s e q u e n t g e n e r a t i o n s of s e l e c t i o n t h a n it is in t h e first.
S e c o n d , a f t e r selection c e a s e s t h e t r a i t s c o n t i n u e e v o l v i n g . It c a n a l s o b e seen t h a t t h e e v o l u t i o n o f a t r a i t u n d e r s e l e c t i o n d e p e n d s n o t o n l y o n t h e s t r e n g t h o f s e l e c t i o n a n d g e n e t i c p a r a m e t e r s o f t h a t t r a i t , b u t a l s o t h e p a t h w a y s o f m a t e r n a l i n h e r i t a n c e c o n n e c t i n g t h a t t r a i t t o m a t e r n a l c h a r a c t e r s n o t u n d e r s e l e c t i o n . T h e s e f e a t u r e s d i s t i n g u i s
h m a t e r n a l i n h e r i ta n c e f r o m M e n d e l i a n i n h e r i t a n c e .
T h e t i m e l a g s c a n c a u s e t h e initial a n d final r a t e s o f e v o l u t i o n o f t r a i t s t o b e s u b s t a n t i a l l y different e v e n u n d e r a c o n s t a n t i n t e n s i t y a n d d i r e c t i o n o f s e l e c t i o n , p . T h e r e s p o n s e a f t e r a s i n g l e g e n e r a t i o n o f selection o n a p o p u l a t i o n initially a t e q u i l i b r i u m a t g e n e r a t i o n 0 is, f r o m e q u a t i o n (2),
A z ( 0 ) = ( C " + M P ) p .
T h i s c a n b e c o m p a r e d w i t h t h e p o p u l a t i o n ' s final r a t e o f e v o l u t i o n , a g a i n a s s u m i n g t h e p a r a m e t e r s r e m a i n c o n s t a n t . W e find f r o m (2) t h a t t h e v e c t o r o f p h e n o t y p i c m e a n s will a p p r o a c h the a s y m p t o t i c r a t e o f e v o l u t i o n A z ( c o ) = ( I
I f t h e r e a r e n o c y c l e s o f m a t e r n a l effects in t h e m a t r i x M t h e n u n d e r a c o n s t a n t i n t e n s i t y a n d
d i r e c t i o n o f selection the a s y m p t o t i c r a t e of e v o l u t i o n will b e achieved after a n u m b e r o f g e n e r a t i o n s e q u a l t o o n e p l u s the l e n g t h o f t h e l o n g e s t p a t h w a y of m a t e r n a l effects. If t h e r e a r e cycles of m a t e r n a l effects, t h e n t h e a s y m p t o t i c r a t e o f e v o l u t i o n will be a p p r o a c h e d in p r o p o r t i o n t o A ( w h e r e A is t h e l e a d i n g e i g e n v a l u e o f M . F r o m d a t a o n t h e m a g n i t u d e o f m a t e r n a l effect coefficients in p a p e r s cited in the i n t r o d u c t i o n , we expect t h a t t h e a s y m p t o t i c r a t e o f e v o l u t i o n usually
will be a p p r o a c h e d r a p i d l y , w i t h i n a few g e n e r a t i o n s in most c a s e s .
(
ii) Sexual dimorphism and sex-limited traits
Because m a n y m a t e r n a l t r
a i t s a r e sexually d i m o r p h i c o r sex-limited, it is i m p o r t a n t t o specify h o w t h e m o d e l s c a n b e a l t e r e d t o d e s c r i b e such t r a i t s . H a n r ah a n & Eisen (1973) h a v e e x p e r i m e n t a l l y s t u d i e d t h e influence of m a t e r n a l effects o n a sexually d i m o r p h i c trait, b o d y w e i g h t in m i c e . F o r a single c h a r a c t e r w i t h m a t e r n a l i n h e r i t a n c e e x p r e s s e d o n l y in females, s u c h a s litter size in m i c e , C a z s h o u l d be m u l t i p l i e d b y \ in e q u a t i o n s (2) t h r o u g h (4) a n d t h e selection g r a d i e n t s , P, then refer t o selection o n females. T h i s is r e a d i l y a p p a r e n t from t h e fact t h a t t h e c o v a r i a n c e b e t w e e n m o t h e r s a n d d a u g h t e r s is j C^ + M P ( K i r k p a t r i c k & L a n d e , 1989). T o d e s c r i b e m u l t i p l e c h a r a c t e r s w i t h sexual d i m o r p h i s m o r sex-limited e x p r e s s i o n , t h e c h a r a c t e r v e c t o r a n d t h e selection g r a d i e n t v e c t o r c a n
b e enlarged b y t r e a t i n g e a c h trait in e a c h sex as a s e p a r a t e c h a r a c t e r , s u c h a s b o d y size in m a l e s a n d females. T h e m a t r i c e s in t h e a b o v e e q u a t i o n s c a n also b e enlarged a c c o r d i n g l y , a l l o w i n g for p a t e r n a l effects ( t h e n o n -M e n d e l i a n influence o f f a t h e r ' s c h a r a c t e r s o n offspring traits) as well a s m a t e r n a l effects. D e t a i l s a r e given in A p p e n d i x 1. (6); (ii) maximum first-generation rate, from equation (7); and (iii) the classical solution in equation (5) (2) with C u multiplied by 5 to account for sex-limitation of the character, and responses using an optimal selection index combining individual and family merit (with data on n = 4 individuals per family) are described in Appendix 3. The dashed line gives the response to selection only within full sib families, as in Falconer's experiments; note the reversed response to selection in the first generation.
. Artificial selection T h e m a j o r g o a l o f b r e e d i n g p r o g r a m s is t o e c o nomically i m p r o v e d o m e s t i c a t e d species b y selecting i n d i v i d u a l s o n t h e b a s i s o f a set of c o r r e l a t e d c h a r a c t e r s . T h e classical a p p r o a c h is t o find t h e c o m b i n a t i o n of c h a r a c t e r s o n w h i c h selection will m a x i m i z e the r a t e o f e c o n o m i c i m p r o v e m e n t . E q u at i o n s (3) a n d (4) s u g g e s t t w o p o s s i b l e s t r a t e g i
s o l u t i o n , u n d e r t h e a s s u m p t i o n o f p u r e l y M e n d e l i a n i n h e r i t a n c e , is
w h e r e d is a v e c t o r of relative e c o n o m i c v a l u e s o f t h e p h e n o t y p i c t r a i t s ( F a l c o n e r , 1 9 8 1 ; B u l m e r , 1985).
F r o m e q u a t i o n (4), h o w e v e r , we find in A p p e n d i x 2 t h a t with m a t e r n a l effects t h e u l t i m a t e r a t e of e c o n o m i c i m p r o v e m e n t is m a x i m i z e d u s i n g
A n o t h e r a l t e r n a t i v e is t o use t h e m a t r i x o f a c t u a l p h e n o t y p i c r e g r e s s i o n coefficients of offspring o n m i d p a r e n t s , C M P 1 + M , in p l a c e of t h a t in the classical selection i n d e x , G P _ 1 , so t h a t
It c a n b e s h o w n f r o m e q u a t i o n (3) t h a t this i n d e x m a x i m i z e s t h e i m p r o v e m e n t in t h e first g e n e r a t i o n , b u t in l a t e r g e n e r a t i o n s it d o e s n o t d o as well a s t h a t b a s e d o n e q u a t i o n (6).
T o c o m p a r e t h e r a t e s of e c o n o m i c i m p r o v e m e n t u s i n g t h e s e t h r e e selection indices o n a p o p u l a t i o n w i t h m a t e r n a l i n h e r i t a n c e , c o n s i d e r the e x a m p l e f r o m F i g . 1 a n d a s s u m e trait 1 is t h e o n l y c h a r a c t e r o f e c o n o m i c v a l u e . W i t h e q u a l intensities of selection, u s i n g e q u a t i o n (6) yields a 28 % increase in the final r a t e of e c o n o m i c i m p r o v e m e n t o v e r t h a t u s i n g p a r e n toffspring r e g r e s s i o n a n d a 2 7 % increase o v e r t h e classical s o l u t i o n i g n o r i n g t h e m a t e r n a l effects, a s s h o w n in F i g . 2. I n this e x a m p l e , u s i n g offspringm i d p a r e n t r e g r e s s i o n is initially b e t t e r b u t u l t i m a t e l y w o r s e t h a n is c o m p l e t e l y i g n o r i n g t h e m a t e r n a l effects. Since t h e s e a r e p e r -g e n e r a t i o n differences t h a t a cc u m u l a t e a c r o s s g e n e r a t i o n s , t h e benefits of a c c o u n ting for m a t e r n a l i n h e r i t a n c e c a n be s u b s t a n t i a l e v e n w h e n t h e p e r -g e n e r a t i o n a d v a n t a g e is m o d e s t . T h e a m o u n t of i m p r o v e m e n t d e p e n d s o n t h e p a r a m e t e r s of genetic a n d m a t e r n a l i n h e r i t a n c e ; o t h e r v a l u e s c a n p r o d u c e differences l a r g e r o r smaller t h a n t h o s e seen here.
(ii) Information from relatives
T h e result in e q u a t i o n (6) c a n also be a p p
l i e d t o c o n s t r u c t a selection i n d e x t h a t m a x i m i z e s t h e l o n gt e r m r a t e o f e c o n o m i c i m p r o v e m e n t u s i n g i n f o r m a t i o n from relatives. T h u s , in a p o p u l a t i o n c o n s i s t i n g o f full
sib o r p a t e r n a l h a l f sib families, we c a n d e r i v e a n o p t i m a l i n d e x for selection o n a c o m b i n a t i o n of i n d i v i d u a l a n d family m e r i t . By defining t h e family m e a n a n d t h e i n d i v i d u a l d e v i a t i o n from t h e family m e a n a s s e p a r a t e t r a i t s all o f t h e a b o v e e q u a t i o n s c o n t i n u e t o a p p l y , b u t w i t h v e c t o r s a n d m a t r i c e s p a r a m e t e r s f o r litter size in p i g s a r e s i m i l a r ( V a n d e r S t e e n , 1985). B e c a u s e o f t h e s u b s t a n t i a l n e g a t i v e m a t e r n a l effect a n d t h e l o w h e r i t a b i l i t y . t h e r e g r e s s i o n o f d a u g h t e r ' s litter size o n t h a t o f t h e i r m o t h e r s , h 2 /(2 -m) + m, is n e g a t i v e . F a l c o n e r a p p l i e d selection w i t h i n full sib families a n d o b s e r v e d a m a r k e d r e v e r s e d r e s p o n s e t o s e l e c t i o n in t h e first g e n e r a t i o n in b o t h t h e u p w a r d a n 
. D i s c u s s i o n
M o s t a p p l i c a t i o n s o f m a t e r n a l i n h e r i t a n c e t h e o r y in a n i m a l b r e e d i n g h a v e b e e n b a s e d o n t h e m o d e l s o f W i l l h a m ( 1 9 6 3 , 1972), in w h i c h m a t e r n a l p e r f o r m a n c e is a s s u m e d t o b e u n o b s e r v e d . W i t h o u t d i r e c t o bs e r v a t i o n o f t h e m a t e r n a l t r a i t s it is difficult t o e s t i m a t e t h e p a r a m e t e r s o f m a t e r n a l i n h e r i t a n c e , w h i c h r e q u i r e s i n f o r m a t i o n o n m a n y t y p e s o f r e l a t i v e s ( E i s e n , 1967) . N e i t h e r W i l l h a m ' s m o d e l s n o r V a n V l e c k ' s ( 1 9 7 0 , 1976) g e n e r a l i z a t i o n s c a n a c c o u n t for closed p a t h w a y s o r cycles o f m a t e r n a l effects, a s in F a l c o n e r ' s ( 1 9 6 5 ) m o d e l o f a single c h a r a c t e r w i t h a m a t e r n a l effect o n itself in t h e n e x t g e n e r a t
i o n . T h e l i m i t a t i o n s o f p r e v i o u s m o d e l s m a k e it difficult o r i m p o s s i b l e t o i n c o r p o r a t e a realistic n e t w o r k o f m a t e r n a l effects. B a s i c d e v e l o p m e n t a l a n d p h y s i o l o g i c a l c o n s i d e r a t i o n s
s u g g e s t t h e r e a r e m u l t i p l e m a t e r n a l c h a r a c t e r s t h a t c a n e x e r t c o m p l e x p a t h w a y s o f n o n -M e n d e l i a n influe n c e o n o f f s p r i n g t r a i t s .
O u r r e s u l t s i n d i c a t e t h a t it will b e i m p o r t a n t for e v o l u t i o n a r y b i o l o g i s t s a n d b r e e d e r s t o identify n e t w o r k s o f m a t e r n a l effects i n f l u e n c i n g t r a i t s o f i n t e r e s t a n d t o m e a s u r e t h e r e l e v a n t p a r a m e t e r s , i n s t e a d o f t h e c o m m o n p r a c t i c e o f l u m p i n g all n o n -M e n d e l i a n i n h e r i t a n c e i n t o a single m a t e r n a l effect. E q u a t i o n (2) d e m o n s t r a t e s t h a t t o p r e d i c t t h e r e s p o n s e t o s e l e c t i o n o n a set o f c h a r a c t e r s it is n e c e s s a r y t o k n o w n o t o n l y t h e p h e n o t y p i c a n d a d d i t i v e g e n e t i c v a r i a n c e s a n d c o v a r i a n c e s o f t h e c h a r a c t e r s , b u t a l s o t h e i n h e r i t a n c e a n d m a t e r n a l effect coefficients o f all t r a i t s t h a t h a v e m a t e r n a l effects o n t h e c h a r a c t e r s o f i n t e r e s t . M e a s u r e m e n t o f m a t e r n a l c h a r a c t e r s a l o n g w i t h o t h e r t r a i t s o f i n t e r e s t p e r m i t s b o t h t h e m a t e r n a l effect coefficients a n d t h e a d d i t i v e g e n e t i c v a r i a n c e s a n d c o v a r i a n c e s o f all t h e c h a r a c t e r s t o b e e s t i m a t e d s i m p l y f r o m o f f s p r i n g -p a r e n t r e g r e s s i o n s ; in s o m e c a s e s this c a n b e a c c o m p l i s h e d u s i n g o n l y d a u g h t e rm o t h e r r e g r e s s i o n if it c a n b e a s s u m e d t h a t m o s t o f t h e c h a r a c t e r s d o n o t e x e r t m a t e r n a l effects ( L a n d e & P r i c e , 1989).
H a y e s & Hill ( 1 9 8 1 ) a n a l y s e d t h e s t a t i s t i c a l p r o p e rties o f t h e classical s e l e c t i o n i n d e x for m u l t i p l e c h a r a c t e r s [ e q u a t i o n (5)], a n d r e c o m m e n d e d ' b e n d i n g ' t h e a d d i t i v e g e n e t i c v a r i a n c e -c o v a r i a n c e m a t r i x , G, t o r e d u c e t h e loss o f efficiency in artificial selection c a u s e d b y s a m p l i n g e r r o r s in t h e i n d e x coefficients ( H a r r i s , 1963). B e n d i n g c o n s i s t s o f finding the e i g e n v a l u e s o f G a n d c o n t r a c t i n g t h e i r r a n g e ( o n the real line) a r o u n d their m e a n v a l u e until t h e r e a r e n o negative e i g e n v a l u e s left, since t h e s e c o r r e s p o n d t o n e g a t i v e a d d i t i v e g e n e t i c v a r i a n c e for s o m e c o mb i n a t i o n o f c h a r a c t e r s c a u s e d by s a m p l i n g v a r i a n c e in t h e e s t i m a t i o n of G (Hill & T h o m p s o n , 1978) . A ' b e n t ' G m a t r i x for use in a selection i n d e x is t h e n c o n s t r u c t e d f r o m t h e c o n t r a c t e d e i g e n v a l u e s a n d the original e i g e n v e c t o r s . A s i m i l a r p r o c e d u r e a p p l i e d t o t h e m a t r i x o f m a t e r n a l effect coefficients, M , m a y i m p r o v e t h e efficiency o f selection indices in e q u a t i o n s (6) a n d (7) b a s e d o n e s t i m a t e s o f G a n d M . By a n a l o g y , this w o u l d c o n s i s t o f finding t h e e i g e n v a l u e s o f M a n d c o n t r a c t i n g t h e i r r a n g e (in t h e c o m p l e x p l a n e ) a r o u n d their m e a n v a l u e until t h e r e a r e n o e i g e n v a l u e s w i t h m o d u l u s g r e a t e r t h a n o n e , since these s h o u l d n o t o c c u r e x c e p t for s a m p l i n g e r r o r s ( K i r kp a t r i c k & L a n d e , 1989). A b e n t M m a t r i x c a n t h e n be c o n s t r u c t e d f r o m t h e c o n t r a c t e d e i g e n v a l u e s a n d t h e original e i g e n v e c t o r s .
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Appendix 1
Sexual dimorphism and sex-limited traits L e t t h e f e m a l e a n d m a l e c h a r a c t e r s , w h i c h m a y differ in n u m b e r , b e r e p r e s e n t e d by t h e v e c t o r s z 2 a n d z.
respectively, a n d let t h e c o r r e s p o n d i n g s e l e c t i o n g r a d i e n t v e c t o r s be P9 a n d p\j. T h e m o d e l o f i n h e r i t a n c e a n a l o g o u s t o e q u a t i o n (1), a l l o w i n g for b o t h m a t e r n a l a n d p a t e r n a l ( n o n -M e n d e l i a n ) effects, is in w h i c h t h e m a t r i c e s M 9 a n d F 2 c o n t a i n t h e coefficients of m a t e r n a l a n d p a t e r n a l effects o n f e m a l e offspring, w h e r e a s a n d c o n t a i n the coefficients o f m a t e r n a l a n d p a t e r n a l effects o n m a l e offspring. A g a i n w e a s s u m e t h a t t h e p o p u l a t i o n m a t e s a t r a n d o m a n d t h a t t h e M e n d e l i a n p a r t of t h e i n h e r i t a n c e is a u t o s o m a l w i t h n o e p i s t a s i s . By t a k i n g e x p e c t a t i o n s a n d a cc o u n t i n g for t h e sex-limited e x p r e s s i o n o f t h e c h a r a c - T h e v a r i a n c e -c o v a r i a n c e m a t r i c e s of t h e p h e n o t y p i c v e c t o r a n d t h e v e c t o r of b r e e d i n g v a l u e s , a T = ( a l , aT), h a v e t h e f o r m s P / P 2 2 o 0 P a n d G = (S;» ( A 3) in w h i c h P 5 ? a n d P^. a r e the p h e n o t y p i c v a r i a n c ec o v a r i a n c e m a t r i c e s for females a n d m a l e s , r e s p e c tively. G s s a n d G 3 . 0 -a r e t h e c o r r e s p o n d i n g a d d i t i v e g e n e t i c v a r i a n c e -c o v a r i a n c e m a t r i c e s o f t h e f e m a l e a n d m a l e c h a r a c t e r s , a n d t h e //'th e l e m e n t o f t h e m a t r i x G S < J is t h e a d d i t i v e g e n e t i c c o v a r i a n c e b e t w e e n f e m a l e t r a i t / a n d m a l e trait / T h e s q u a r e m a t r i x o f m a t e r n a l a n d p a t e r n a l effect coefficients is M = M 9 M , F , ( A 4) a n d I is a n i d e n t i t y m a t r i x of t h e s a m e size. I n t h e a b s e n c e o f n o n -M e n d e l i a n i n h e r i t a n c e , w h e n M = 0, e q u a t i o n ( A 2 ) is e q u i v a l e n t to t h e u s u a l m o d e l for t h e 
